Phase diagrams of Langmuir monolayers of oxygenated mycolic acids, i.e. 
Introduction
Mycolic acids (MAs), high-molecular-mass 2-alkyl branched, 3-hydroxy fatty acids are characteristic components of the mycobacterial cell envelope, most of which are esterified to cell wall penta-arabinosyl units [1] [2] [3] . MA structures have characteristic features, comprising a long saturated 2-alkyl branch and the main so-called "meromycolate" chain. The meromycolate chain of pathogenic mycobacteria normally has two intra-chain functional groups that vary in type, stereochemistry and spacing. Structures of various MAs from representative mycobacteria have been characterized [4, 5] .
In the structural models of the mycobacterial cell envelope proposed previously [2, 6] , MAs covalently linked to penta-arabinosyl residues of cell wall arabinogalactan are arranged perpendicular to the cell wall, forming a highly structured monolayer. Recent computer simulation work supported such arrangement of MAs as proposed in the model [7] . This outer leaflet of mycobacterial cell envelope is considered to provide the cells with a special permeability barrier responsible for various physiological and pathogenic features of mycobacterial cells [8] . There are various other lipids in the mycobacterial cell envelope and they may also take part in the permeability function of the cell envelope as suggested [2, 6, 9] . Recently, a Mycobacterium tuberculosis (M. tb) mutant whose MA comprises only alphamycolic acid (α-MA) [10] , a recombinant mutant having over-produced methoxymycolic acid (MeO-MA) with no ketomycolic acid (Keto-MA) [11] and a mutant having 40 % less cell wall mycolate [8] have been described. These results show that M. tb can be viable with highly modified mycolic acid composition and that its pathogenicity may be related to the types of MAs. Those papers also 1 suggest that MAs on the cell envelope have determining effect on the permeability barrier function of the cell wall outer hydrophobic layer barrier and different MAs may contribute to the cell wall permeability barrier functions in different ways.
In our previous paper, to simulate the conformational behavior of MAs in the cell envelope mycolate layer, we prepared insoluble monolayers at the air/water interface (Langmuir monolayers) of α-, MeO-, and Keto-MAs from M. tb and studied their phase diagrams by thermodynamic analysis [12] .
The results implied that at low temperature (T ) and surface pressure (π), all these MAs might assume a condensed four-chain structure in which the 2-alkyl side chain and the three methylene-chain segments are parallel to each other (Figs. 1a and b). The two functional groups appear to allow the meromycolate chain to fold up into this compact parallel arrangement. As T and π are increased, α-and MeO-MAs tend to take stretched-out structures in which the distal functional group in the meromycolate chain leaves the near-hydroxy group location (Fig. 1c) . The conformation of Keto-MA is little affected by the changes in T and π and the four-chain form is retained.
In the present study, we made detailed analysis of Langmuir monolayers of oxygenated MeO-and Keto-MAs from Mycobacterium bovis BCG (BCG) and deoxo-MA, prepared from Keto-MA by reduction, and studied their phase diagrams. MeO-MA and Keto-MA from BCG have much lower transcyclopropane ring content [4, 5] 
Materials and Methods

Materials used:
The samples used in the present experiment were type-1 MeO-and Keto-MAs from Mycobacterium bovis BCG strain Tokyo 172, prepared as described previously [4, 5] and an artificially prepared deoxo-MA obtained by reduction of Keto-MA. The structural characteristics, compositions and average molecular weights of the MAs studied are summarized in Table 1 .
Preparation of deoxo-mycolic acid: Keto-MA from BCG (200 mg, 0.16 mmol ca.) was dissolved in a 4 : 1 (v/v) mixture of benzene-methanol (5.0 ml) under argon. After addition of tosylhydrazine (50 mg, 0.27 mmol), the solution was stirred at 80
• C for 3 hr. The solvent was removed under reduced pressure and the residue was dissolved in sulfolane (2.5 ml) under argon. After addition of tosic acid (5.0 mg) and sodium cyanoborohydride (50 mg, 0.8 mmol), the solution was stirred at 100
• C for 12 hr. The reaction mixture was diluted with diethyl ether, washed with saturated aqueous sodium chloride solution, dried over magnesium sulfate and evaporated under reduced pressure to give crude deoxo-MA, which was purified by silica 3 gel TLC using diethyl ether-hexane (1 : 4 v/v), giving a 30 % yield. Ellipsometry: Ellipsometry was performed on a Nanofilm EP 3 (NFT Co., Göttingen, Germany) with a home-built trough installed on the stage.
The trough was thermostatted at the temperatures as specified in Table 2 (error within ± 0. Intra-molecular hydrogen bonding was assumed to exist between 3-hydroxy group and the carboxyl group, and thus, the distance between the hydrogen of the 3-hydroxyl group and the carbonyl oxygen of the carboxyl groups was restricted to be in the range of 2.4 ± 0.6Å. In Figure 2a , the fat line portions are aliphatic carbon chain segments, made to straight chain segments for quicker calculations (dihedral angles = 180 • ) in the MeO-and Keto-MAs.
Three carbons on both sides adjacent to the intra-chain functional groups [X] and [Y] , and 2 carbons on both sides adjacent to [Z] in the methylene chains
were not included in the restriction segments. In the case of deoxo-MA, this chain-straight-up restriction was not applied to the meromycolate chain.
The structural models of the MAs with the restrictions specified above were subjected to MC. The strength of the restriction force for the dihedral angles was 100 kcal rad Table 3 ). When a/b and b/c were both above 70 % of the original lengths, with b/d above 23Å, and a/c less than twice the original value, the structure was defined as "Stretched-out structure" (B in Table 3 . See Fig. 1c ). When the resulting structures could not be grouped into any of the three groups defined above, they were placed under "Nondefinable structures". They normally included the structures having the a/b and/or d/e chains with serious mid-chain bent or stretching out into wrong 7 directions.
Results
Phase diagrams of Langmuir monolayers of the MAs
The Therefore, it is suggested that MeO-MA molecules take a conformation similar to that of Keto-MA in the low surface tension and low temperature region of the phase diagram and at surface pressures above π tr , they are aligned with the meromycolate chain detached from the water surface.
As shown in Fig. 4c , deoxo-MA prepared by deoxygenation of Keto-MA gave a completely different phase diagram from that of the original Keto-MA. The apparently stable monolayers observed in the π vs. A isotherms of deoxo-MA, in the region above LC III and LE, were concluded, by analysis of the repeated compression-expansion isotherms, to be collapsed films.
Thickness measurement by ellipsometry
Results of the ellipsometric measurement are summarized in Table 2 is hydrated at the water surface to give a four-chain molecular conformation, the monolayer thickness is unchanged irrespective of the surface pressure or temperature ( Table 2 ).
The profiles of Langmuir monolayer of deoxo-MA appeared quite different from those of Keto-MA or MeO-MA. As seen in Table 2 even at a low surface pressure such as 4 mN m −1 , deoxo-MA molecules apparently seem to be in an extended conformation. When π is scanned at T = 30
• C, the monolayer thickness increases by ca. 1 nm as π increases across the phase boundaries.
Enthalpy changes associated with phase transitions
Enthalpy changes associated with the phase transitions were studied for MeO-MA and deoxo-MA by applying the Clausius-Clapeyron equation derived for insoluble monolayer to their phase diagrams [18] .
where
and Fig. 6b at almost all temperatures. The difference is probably partly due to dehydration of the methoxy groups from the water surface.
The energy required to break a hydrogen bond is reported to be 17.5 ∼ 32.2 kJ mol −1 .
Computer simulations
MC calculations gave 4-chain structures for all the MAs as illustrated in
Figs. 1a and b. The number of the models studied and the results of MD simulation of those models are summarized in Table 3 . The Table shows that by MD simulation of MeO-MA models, more stretched-out structures (Fig. 1c) were obtained than 4-chain structures, whereas by that of Keto-MA, most of the resulting structures were of 4-chain form. The two groups of the torsion angles of the starting models for MC (40 • group and 92
• group) apparently did not give different features in MD results.
Discussion
Thermodynamic studies
Langmuir monolayers of the oxygenated MAs from BCG showed complex π vs. A isotherms, as in the case of the MAs from M. tb in our previous paper [12] . The isotherms implied that in the lower surface pressure and lower temperature region MeO-MA and deoxo-MA molecules were in 4-chain conformations as Keto-MA but that at the surface pressures above π tr , they were in stretched-out conformations. In contrast, the behavior of deoxo-MA 
Computer simulations
The structural models of MeO-and Keto-MA produced by MC calculations were all of 4-chain structure. It is interesting that deoxo-MA, whose meromycolate chain had only one functional group, a cyclopropane ring, that might induce chain bending, and had no applied straight-up restrictions in its meromycolate chain, also formed a structure consisting of 4 parallel chain segments [ Fig. 1f] . The fact suggests that this type of arrangement of carbon chain segments is appropriate for energetically stable conformations.
As shown in Table 3 The fact that the oxo group is normally situating at the end or out of the 4-chain pillar structure may contribute to the more stable 4-chain structure of Keto-MA in Langmuir monolayers; it assures that the oxo group touches and bonds to the water surface firmly. On the other hand, in MeO-MA, the methoxy group may often be above the level of the location of the carboxyl group, which touches the water surface. Therefore, although the hydrophilicity of the methoxy group approaches that of an oxo group, the methoxy group may not be able to interact decisively with the water surface.
Deoxo-MAs formed 4-chain-structures with the meromycolate chain bending at the cyclopropane ring and at the methyl branch (Fig. 1f) . Probably because they have no bulky functional groups in the vicinity of group [Z] to interact with it, the movement of the structure of deoxo-MA was rather quiet during MD, so that in 20 ps, as shown in Table 3 , the structures did not deviate much from the original structure. In fact they often gave more proper 4-chain structures. Easy changes in its conformation observed in the Langmuir monolayers may be due to having no hydrophilic oxo (or methoxy)
group and the less well-defined bending capacity of the isolated methyl group.
The structure may easily give way when it receives pressure from the neighbouring molecules in the compressed monolayer.
Cis / trans stereochemistry.
The possible special influence of MAs with a trans-cyclopropane ring on membrane function or pathogenicity of the cells has been highlighted [19, 20] .
When the features of the Langmuir monolayers of MeO-and Keto-MAs from BCG in the present study were compared with those of the corresponding MAs from M. tb in our previous study [12] , some differences were noted. The stretched-out structures of MeO-MA, produced by MD simulation, are not of two long straight methylene chains. As exemplified in Fig. 1c , the long chains curve and bend, implying that they are ready to change their conformation in response to the environmental conditions. Probably MeO-MA and also alpha-MA are to be considered to provide less condensed organelles suitable for facilitating selective permeability and interaction with complex cell surface free lipids. 
Acknowledgement
